Micro hydropower plants (MHPPs) are often adopted to provide electricity to remote areas. To ensure the generation performance and power quality, the operators must have enough knowledge about the MHPP, especially its physical model. This paper proposes an integrated approach for modelling three-phase MHPPs in off-grid sites. The differential equations about the electrical operations and mechanical behaviors of the generator were fully integrated into our approach. The physical model thus established considers the behavior of different components of the target MHPP, such as the turbine and the generators, and helps to obtain the time-variation of all physical parameters of the MHPP. The validity of the integrated approach was verified through a simulation under three scenarios. Our research makes it possible to develop a physical model suitable for single and/or three-phase loads. The model can be easily adapted to any real configuration of hydropower plant.
INTRODUCTION
Nowadays, electrical energy demand is growing continuously. This is due to an unavoidable need for this vital energy, its serious depletion, and aberrant usage. Consequently, obtaining other electrical energy sources has become an indisputable necessity [1] [2] [3] [4] . For this reason, renewable energy attracted the attention of the world, particularly hydro energy that has become an outstanding source to generate electricity all over the world [5] . As a matter of fact, hydropower plants help limit toxic gases emissions by providing 19% of the world's electricity [4] . In addition, the hydropower has many other benefits it does not encounter the population displacement and environmental problems. In remote areas, hydropower plants are considered more efficient than other sources of renewable energy like wind or solar [6] . In fact, solar cells convert about 10% to 12% of light energy directly to electric energy whereas hydro plants have an efficiency between 60% to 90% range [7] .
At the national level, Morocco has significant hydraulic potential mainly in the mountainous regions [8, 9] . A hydropower plant is considered as a micro hydropower plant (MHPP) when a nominal generated power less than 200 kW [10] . The MHPP can produce electricity from run-of-river to satisfy the locals' needs [11] . Hence, the emergence of the idea of installing MHPP in different mountainous areas, especially in isolated sites where it is difficult to be connected to the national grid. This electricity facilitates the local community's main requirements for agricultural land irrigation. Moreover, it will enhance the living standards by fostering the educational level, hospital services, communications, conservation of agricultural products (fruits and vegetables) and providing the heat during winter.
Since the development of MHPP prototypes is costly [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , it has become necessary to develop mathematical models and use computer simulations in order to study the MHPP operation. The rationale behind this is to develop control approaches ensuring the expected performances. So, obtaining a model reflecting the MHPP real dynamic in the transient state as well as the steady-state is a necessity. In the literature, most of the proposed MHPP models are based on transfer functions which are validated for a specific operating point. In other words, the transfer function based models do not reflect the MHPP overall operation, especially its nonlinearities. For example, the MHPP model, proposed in the scientific article [22] , gives only the frequency evolution parameter around a specific operating point and uses linear transfer functions. However, developing a control system for large operating points is not considered. Although, a nonlinear MHPP model around several operating points was proposed in the research article [23] . It is not based on differential equations describing the MHPP behavior. This model requires identification tests wherever a different MHPP is involved. The frequency regulation was studied in the scientific article [24] without simulation and working directly on a prototype. The simulation might give more opportunities to design suitable robust controllers. An MHPP mathematical model for a single-phase MHPP was presented in the research article [16] . In this work, the developed model gives only the frequency evolution and just takes into consideration resistive loads. A scheme of sliding mode control by model order reduction for load control problem of MHPP was discussed in the scientific article [25] . This scheme was tested under isolated and connected grid modes. The proposed schemes are based on transfer functions and devote only the frequency evolution. In the research article [26] , a multi-source power system approach, using teaching-learning optimization algorithm for automatic generation controller of the power system, was suggested. They use 2-degree freedom of proportionalintegral-derivative controller. In addition, the multi-source model combines several source models such as thermal, hydro and gas powers which are modeled by transfer functions. The approach was compared with some published approaches. The software application platform, developed in the research article [27] , is contained a platform component library that is based on linear equations. These equations cannot correctly simulate the behavior under different conditions of MHPP and so, it has limitations. Considering the previous works, any realistic models for three-phase MHPP, which reflect all physical phenomena such as reactive power and converters impact, are not suggested.
The MHPP models conception must consider all kind of loads. In most sites where MHPPs are likely to be installed, locals use generally single-phase loads, inductive and resistive type such as lamps, televisions and small engines except for those who use three-phase pumps for irrigation or different equipments for commercial activities. In the literature, the models consider resistive loads which are generally characterized by their nominal power. These models do not have the flexibility to study the connected loads random effect and all kind of loads.
This paper presents a modeling approach to describe the three-phase MHPP overall operation for all operating points range. In fact, it is based on the electrical and the mechanical differential equations expressing the behavior of the constituting MHPP components. These equations illustrate the MHPP nonlinear behavior. The developed model could be used by researchers interested in the MHPP control, to develop new advanced controllers. The model gives also the opportunity to improve the power quality in remote sites, especially when the proposed three-phase MHPP model is used in closed-loop. Besides, it might be useful for academic and educational purposes, so that students can easily understand the MHPP real operation. Among the strengths of our model is that it provides the temporal evolution of all MHPP physical parameters (different currents, voltages, frequency, powers, torques, etc.). In addition, using the developed model, different kind of loads can be connected and tested (three-phase, single-phase resistive and/or inductive loads, etc.). Therefore, it should be integrated in Matlab/Simulink.
There are no specific international standards about isolated electrical systems; however, the power should be similar to that of the international standards [28] , because the consumers' equipment of both isolated and interconnected grids requires the same power quality to operate. In remote sites, loads are generally resistive with an inductive effect such as three-phase pumps and small engines, etc. These loads require a reactive power for their operation. The need to improve and manage this reactive power in these sites, using an efficient way (reactive power compensation) is suitable. In this context, the developed MHPP model could be used by researchers in the closed-loop to develop advanced controllers for enhancing the power factor. In addition, the developed model gives more chances to adapt and to propose frequency controllers for all MHPP control techniques such as speed-flow, load-frequency, and mixed control. Moreover, the proposed approach devotes the feasibility and the simplicity to coordinate the hydropower plant with other sources, like wind and solar, etc. After coordination, the researchers have the possibility to regulate different parameters, since the integrated approach permits getting all physical parameters evolution versus time.
Considering all these beneficial points, the developed MHPP model is considered as an added value for renewable energy. The most suitable turbine for such configuration is the Pelton turbine which is generally used for high waterfalls and can operate over a wide range of water flow level [28] . The flow rate is adjustable by means of a movable needle which moves manually or by an electric servo-motor [17] . On the other hand, the three-phase synchronous generator is more appropriate, for several advantages; it presents a very satisfactory efficiency (close to 99%) and its size is relatively small compared to the generated power [5, 29] .
MODEL OF THE HYDRAULIC TURBINE
The MHPP operation principle consists of transforming the hydraulic energy into electrical energy. Through a water tunnel, the water reaches a surge tank that supplies a penstock characterized by its height. At the output of this latter, the water rotates a hydraulic turbine which drives a synchronous generator. The generator produces electricity that feeds loads which can be composed from three or/and single-phase loads. Figure 1 shows the various components of the constituting hydropower plants.
Figure 1. Hydropower plant components
The Pelton turbine consists of buckets set on a circular disk periphery and one or many nozzles which strike the buckets by water jets. The water flow can be adjusted by a mobile needle inside the nozzle that is usually driven by an electric servo-motor which must be relatively slow to minimize water hammers effect [17] .
The hydraulic power is given by the expression (1)
with: ρ is the water's density (kg m -3 ), Q t is the water flow (m 3 s -1 ), H t is the effective waterfall height (m) and g is the gravity acceleration (m s -2 ).
In the Pelton turbine case, the hydraulic power expression becomes [16] :
with: U is the turbine's drive speed, 1 is the water's speed in the contact of the jet with the buckets, is the ratio of 1 and 2 and β is the angle between 1 ⃗⃗⃗ and 2 ⃗⃗⃗ . To make the equations easy to interpret, reduced quantities "per unit system" (pu) have been adopted for the model, and the international system (IS) units have been adopted for the physical quantities.
Based on Eq. (2), the Pelton turbine torque is given by the expression (3):
with: Ω is the angular velocity of the generator (rad s -1 ) and is the diameter of the turbine (m).
The jet velocity at the penstock exit expression is given by the Eq. (4):
The turbine speed expression in (pu) becomes:
with: ℎ is the waterfall height (pu). The turbine torque expression using the reduced quantities becomes:
where, k t = D t Ω tn 2V 1n (7) with: is the water flow (pu), is the turbine speed (pu), is the turbine torque (pu), 1 is the nominal speed of the jet (m s -1 ) and Ω is the nominal speed of the turbine (rad s -1 ).
MODEL REPRESENTING THE MHPP
Using a single-phase generator is more expensive in kilowatt (kW) compared to a three-phase generator [30] . For this reason, it is the most recommended generators to be used in MHPP for isolated sites. The three-phase synchronous generator can be modeled by different methods such as the linear state representation and the equivalent electrical circuit in the reference frame d-q. The linear state representation presents a disadvantage, bearing in mind, the machine speed involved in the state matrix [31, 32] . This assumes that the speed remains steady along with the simulation, whereas in the MHPP case, this speed depends on the operating conditions. The equivalent electrical circuit helps to reflect the MHPP overall behavior. Therefore, this paper uses the differential equations which describe the generator electrical operation as well as those describing the mechanical behavior.
In the literature, some research works use the synchronous generators blocks are provided by the toolbox «Sim Power System» of Matlab/Simulink [33] . However, these models are not suitable for the following tests: overload/load discharge, short-circuit, etc.
The generator's electrical equations
The synchronous generator is a rotating electric machine directly coupled with the hydraulic turbine. It consists of a rotating part named the rotor and a fixed part named the stator. The rotor has a field winding (f) (inductor) and absorbs the hydraulic power. The stator has three armatures windings (a, b and c) and is connected in parallel with the mini-load grid presented in Figure 1 . Figure 2 shows the synchronous generator view without dampers. A "receiver" convention is adopted for the rotor and a "generator" convention is adopted for the stator. The generator voltages can be described in threephase reference by the Eqns. (8) [32] : Stator and rotor flux terms are functionally related to the rotor angle ( ) which varies with time at the rotor rotation speed rate. These elements have computational problems to solve direct phase quantities. To achieve, the use of the Park transformation to shift from a fixed reference point linked to the stator towards a rotating reference frame linked to the rotor is recommended. The result of this transformation, called reference frame d-q, is a mathematical tool for describing a generator behavior using equations with fixed coefficients. Hence, the generator analytical study becomes relatively simple in the reference frame d-q [32] . The Eq. (9) shows the used Park transformation matrix ( ).
[ ] = √ 
The stator transformed voltages, currents and flux are given by the Eqns (10):
where, v d , v q are the direct and the transverse voltages (V) respectively; i d , i q are the direct and the transverse currents (A) respectively and φ d , φ q are the direct and the transverse total flux (wb) respectively. The synchronous generator model is defined in the reference frame d-q. The main assumptions taken into consideration for modeling are:
✓ The magnetic circuit saturation, hysteresis and eddy currents are assumed negligible. The capacitive coupling between windings are assumed negligible. 
with: w e is the electrical speed (rad.s -1 ), m sf is the mutual inductance between the field winding and d-axis stator winding (wb), L d , L q are the inductances of the d-axis stator winding and q-axis stator winding (H) respectively and L f is the inductance of the main field winding (H).
Using the stator voltages and flux equations, the generator equivalent electrical circuit can be drawn, as it's shown in Figure 3 . This circuit can be used to simulate the electrical behavior of the generator. 
Mechanical behavior
The synchronous generator modeling will not be completed without the electromagnetic torque expression [34] . The electromagnetic torque is given by the expression (13):
with: P is the machine's poles number.
To illustrate the rotation speed, the synchronous generator model must incorporate the fundamental principle of dynamics, linking different torques to the mechanical rotor speed which is written as the Eq. (14):
with: ∆ combines inertia moment of both the generator and the hydraulic turbine (kg m 2 ), is the mechanical rotor speed (rad s -1 ), is the sec friction torque (N m), is the viscous friction coefficient (N m/rad s -1 ) and ℎ is the mechanical torque (N m).
Development of the generator model
The proposed model generates the three-phase voltage and creates the three terminals , , and on which three/single-phase loads of mini-load grid can be connected. The generator model, proposed in Figure 4 , is characterized by two inputs: the mechanical torque ( ℎ ) and excitation voltage ( ). The mechanical torque is the mechanical equation input for generating the electrical speed and the mechanical speed which will be useful for direct Park transformation blocks, inverse Park transformation and equivalent electrical circuit. The excitation voltage goal is generating the excitation current ( ). Thus, creating static electromotive forces is due to flux variations and electrodynamics forces based on the pulses obtained by the mechanical equation. Afterwards, the equivalent electrical circuit provides the currents and characterizing the inputs of the inverse Park transformation block to generate the three-phase currents ( , , and ). The use of three resistances "R-image" which are equal to 10 6 Ω provides the three-phase voltages ( , , and ). Finally, the equivalent electrical circuit contains voltages ( and ) which are the generator output voltages, but they are used as feedback to perform the correct creation of the currents and .
According to the Figure 4 , the proposed generator model is characterized by two inputs (mechanical torque and excitation voltage) and three outputs (three voltage terminals ( , , and )) in order to ensure the conversion of the mechanical energy to electricity. The model is suitable for all kind of loads single or/and three-phase which can be connected with the proposed model via the terminals.
Development of the MHPP model
To develop a global MHPP model shown in Figure 5 , the previously developed models should be incorporated together. Interactions between different model blocks give the MHPP overall behavior and allow extracting the maximum information related to the MHPP operation (under all working conditions). 
Scenario 1: Load variations effects on the MHPP electrical quantities
The load variations effect on the frequency is a test among classic validation tests generally used in the literature. It's based on connecting or disconnecting a load when the MHPP reaches its steady-state. The first scenario test is to run the hydropower plant with a nominal balanced three-phase load (270W) on the three phases and to connect, at the instant t=3s, three-phase resistive load constituting 25% of the rated load. After 10s, the same load is disconnected. Figure 7 presents the three-phase voltage line to line waveforms ( , , and ) in the load terminals. Figure 8 shows the three-phase current waveforms absorbed by the load. Figures 9 and 10 show respectively the evolution of the frequency and the excitation current.
From figures 7 and 8, it can be seen when the MHPP is overloaded, the consumed current increases and the output voltage drops down. And when the same load is discharged, the absorbed current decreases and the output voltage return to their nominal values. According to the obtained curve of the Figure 9 , as one can clearly see that the frequency evolution drops down (45.9Hz) when applying an overload of 25% and return to the nominal value (50 Hz) when the same connected load is disconnected. The results, illustrated in Figure 10 , show a constant excitation current that equal its nominal value. These obtained results show a similar behavior compared to a real MHPP [16, 23] . It should be noted that all these simulation tests were performed in open-loop (without using any controller).
Scenario 2: Highlighting the nonlinear behavior of the MHPP
At the beginning of this scenario, the MHPP is driven at its nominal speed and nominal excitation, where the turbine flow rate and the effective waterfall height are constant. Afterwards, different load variations were made (overloads and load discharges of different values). The result corresponding to 4 different overload variation values is illustrated in Figure 11 . Loads connections were applied at the instant t=1s. Similarly, Figure 12 illustrates the result for different load discharge values at the instant t=1s. According to figures 11 and 12 and reasoning on a one load variation (45%) as an example, it is clear that the hydropower plant is a nonlinear system. Indeed, for the same load variation (∆P), the frequency variation (∆f) is different between the load discharge and the overload: ∆f=10.5FigureHz for load discharge and ∆f=6.73Hz for overload. Table 2 provides a qualitative assessment of the resulting frequency variations for the applied load variations.
The non-linearity is also demonstrated by analyzing the frequency variations from different ∆P in the load discharge case. For example, ∆P=5% gives a ∆f=0.91Hz while ∆P=45%=5%*9 gives ∆f=10.59Hz instead of ∆f=8.19Hz=0.91Hz*9. This behavior is completely normal by comparing this result with recent research publications [16, 17, 23, 35] . The MHPP modeling with experimental validation, developed by the published article [16] , has a strong nonlinearity system and the frequency varies significantly with load variations. This recently published result was validated using an MHPP laboratory prototype which consists of a Pelton hydraulic turbine and a single-phase synchronous generator. According to the research article [16] and the present developed approach, the frequency evolution versus time behaviors, when applying different overloads and load discharges, is similar. In addition, the suggested MHPP model is a powerful tool, as the user could get all physical parameters evolution versus time, while the major existing models in the literature give only single parameter evolution: frequency around a specific operating point. It is concluded that the developed model is faithful to the MHPP real behavior. 
Scenario 3: Test of unbalance load between the generator's phases
In remote sites, the loads are generally single-phase. Thus, the third scenario consists of operating the MHPP, during a steady-state, with a nominal resistive three-phase load (270W). After that, at the instant t=1s, a single-phase load of 50W is connected to phase A only. This allows creating an unbalanced load into the three-phase generator terminals. The waveforms, illustrated in Figure 13 , show the generator three-phase current waveforms before and after the unbalanced load. Figure 14 (a) shows the resulting frequency evolution. The obtained result shows the appearance of an unbalanced current between phases. This unbalance generates torque pulsation in the generator that leads to mechanical vibration and acoustic noise [36] . Figure 14(b) illustrates a zoom on the rated steady-state and justified the torque pulsation presence. Thus, the proposed model makes it possible to simulate the MHPP operation even in case of an unbalanced load. 
CONCLUSIONS
In this study, modeling of three-phase MHPP was presented. The model includes two sub-models, the Pelton turbine model and the three-phase synchronous generator model. And three scenarios tests were performed using the MHPP model. These scenarios show the performances and the flexibility of the proposed model to provide the temporal evolution of several MHPP parameters under all kind of MHPP operation conditions. The first scenario illustrates the load variations effect on the MHPP electrical quantities. The second scenario highlights the non-linear character of MHPP using load discharge and overload tests. The last scenario demonstrates the developed model flexibility to connect different kind of loads. This test demonstrates the feasibility to simulate the MHPP even in the case of an unbalance. Besides, simple identification methods can be used to adapt this model to any real hydropower plant configuration. The authors have as prospects to improve efficiency-cost for MHPP exploitation and to ensure the electricity quality continuously as the produced voltages characteristics remain constant (frequency and RMS), and to propose a control system to maintain these characteristics regardless of the random load variations.
